Seismic velocity anisotropy measurements are made of a fractured metamorphic formation from the 2.5-km-deep International Continental Scientific Drilling Programme (ICDP) borehole in Outokumpu, Finland. Three component walk-away vertical seismic profile (VSP) measurements are made along two source-line azimuths at three receiver depths (1000, 1750 and 2500 m) and incidence angle-dependent qP-and qS-wave velocities are extracted with a τ -p method. The highest qP-wave anisotropy, 13. . Laboratory-derived intrinsic anisotropy of the schist cannot by itself explain the degree or orientation of the anisotropy measured in the walk-away VSPs, however, a model which modifies the intrinsic stiffnesses by the inclusion of a single set of dipping, aligned cracks allows the observed in situ velocities to be reproduced. Forward modelling of the qP-wave walk-away VSP measurements from 50 to 1000 m depth is undertaken using an effective medium model to develop a 3-D velocity model of this region. An orthorhombic medium is used to represent the intrinsic anisotropy of the biotite-rich schist, and a single set of aligned cracks is added to give a bulk elastic stiffness. The resulting model predicts the schist to have an overall anisotropy of 16.8 per cent, with qP-wave velocities of up to 6315 m s −1 . The accuracy of the model is assessed through its fit to the walk-away VSP measurements as well as a comparison to known geology of the region.
I N T RO D U C T I O N
Fractures and textures in metamorphic rocks can cause strong seismic velocity anisotropy. Quantifying the magnitude and character of this anisotropy is gaining importance as seismic methods are increasingly used in metamorphic settings for mineral exploration. Further, cratons average over 40 km in crustal thickness and influence all seismic waves passing through them. Seismological models will benefit from a better understanding of the magnitude of seismic anisotropy in these rocks.
In sedimentary environments, seismic reflection methods have long been used to constrain anisotropy; almost always under somewhat restrictive assumptions regarding orientation of the rock mass symmetry (e.g. Ruger 1998; Grechka & Tsvankin 1999; Perez et al. 1999 Vertical seismic profile (VSP) methods, however, yield seismic velocities more directly and are preferable when borehole access is possible. Numerous studies have used VSP methods to measure anisotropy within sedimentary formations, and most assume a transversely isotropic (TI) symmetry to describe the complete local velocity field (e.g. de Parscau 1991; Newrick & Lawton 2003; Li et al. 2004; Grechka & Mateeva 2007) . Anisotropy in sedimentary rocks is often presumed to be governed by the horizontal-layered structure of the rock or by vertically aligned fractures, and in such cases, an approximation of TI symmetry with the rotational axis directed either vertically or horizontally, respectively, is deemed acceptable even though natural fracture networks need not be so providentially aligned. This assumption is less valid in 'hard' metamorphic rock masses. Metamorphic formations can have substantial geological heterogeneity, and metamorphic foliations and lineations can result in strong intrinsic anisotropy due to preferential alignment of minerals. Aligned cracks at all scales within modern-day stress fields further reduce the symmetry and influence the anisotropy of the overall formation. These factors result in anisotropic velocities with a more complicated symmetry in metamorphic formations.
In contrast to studies in sedimentary basins, controlled source seismic methods are still only rarely used for geophysical studies in metamorphic cratons and this, in addition to the complexity of making complete anisotropy measurements in crystalline rocks, means that few VSP studies of anisotropy have been completed. That said, there are some notable controlled source studies on seismic anisotropy in metamorphic areas. Research to date has focused on VSP measurements from the Continental Deep Drilling Site (KTB) borehole in Germany (e.g. Rabbel 1994; Rabbel et al. 2004 ) and the Kola superdeep borehole in Russia (e.g. Digranes et al. 1996) . The geology in the area of the KTB borehole is quite complex, but consists mainly of layers of biotite gneiss and amphibolite . Rabbel et al. (2004) use traveltime inversion of multiazimuth multidepth walk-away VSP data to measure anisotropy and shear wave splitting in the area. They find that the amphibolite in the borehole exhibits up to 9 per cent shear wave splitting, and the biotite gneiss up to 12 per cent. Okaya et al. (2004) compare inversion results of the KTB VSP data to predictions from borehole petrophysics and geology and find good agreement.
The Kola borehole geology, meanwhile, includes layers of metasedimentary and metavolcanic rocks, with metamorphic grades ranging from greenschist to amphibolite (Digranes et al. 1996) . Digranes et al. (1996) suggest the area is anisotropic as a result of aligned fractures and preferred orientation of minerals, and use offset VSP in the Kola borehole to measure shear wave splitting of 4-5 per cent as well as shear wave polarization directions. The offset VSP measurements of in situ anisotropy at Kola are supplemented with laboratory measurements on core samples.
The number of offsets and azimuthal directions that can be measured using walk-away VSP on land is often limited. Attenuation forces a practical limit on the angles that can be measured as larger angles require increasingly longer offsets, whereas accessibility or time constraints may dictate the number of azimuths which can measured. As a result of these limitations, VSP is rarely able to fully constrain the anisotropy of an area, particularly if the symmetry is unknown. In situ anisotropy measurements can be supplemented by laboratory measurements (e.g. Babeyko et al. 1994; Kern et al. 1994; Prikryl et al. 2004) or by theoretical modelling of the bulk elastic modulus to yield velocity measurements over a greater range of angles than is possible with VSP. When aligned fractures are expected in the rock, it is necessary to use a model that accounts for these (Schoenberg 1980; Hudson 1981 Hudson , 1994 White 1983; Schoenberg & Sayers 1995; Grechka 2007) . Both of these techniques have weaknesses: the microstructure of core samples used for laboratory measurements often differs from that found in situ as a result of drilling-induced damage (e.g. Li & Schmitt 1997) and rapid pressure and temperature changes during core retrieval, whereas theoretical velocity models of the seismic response of a cracked media have been tested primarily in the laboratory (PyrakNolte et al. 1990; Hsu & Schoenberg 1993; Rathore et al. 1995; Fjaer 1997; Wei et al. 2008; Nishizawa & Kanagawa 2010) and only rarely in situ.
This study contributes to our understanding of the seismic anisotropy of metamorphic formations. We, first, present the results from a series of walk-away VSP anisotropy measurements obtained at the 2.5 km deep Outokumpu, Finland scientific borehole. We find that the observed anisotropy cannot be described on the basis of the intrinsic rock anisotropy as measured in the laboratory, and a set of aligned cracks must be included. The paper begins with a geological overview of the study area followed by a presentation of the seismic data acquisition, processing and anisotropy analysis. The results are then modelled using a rock physics model that invokes both intrinsic material properties obtained from core measurements and oriented crack anisotropy.
S T U DY A R E A
The study area is near the town of Outokumpu, Finland (Fig. 1) . A 2.5 km deep borehole drilled in Outokumpu by the Russian contractor NEDRA for the GTK (Geological Survey of Finland) and released for international cooperation through the International Continental Scientific Drilling Programme (ICDP) revealed a subsurface composed primarily of a biotite-rich schist and provided an opportunity to study in situ anisotropy through a thick and homogeneous formation. An examination of the borehole lithology shows this schist extends to a depth of 1300 m. Between 1300 and 1500 m depth lies Outokumpu-rock-type assemblage, composed of serpentinite, skarn and black schist; the ophiolite-derived Outokumpu assemblage is also the host rock environment of the semi-massivemassive Cu-Co-Zn sulphide deposits of the area. Below 1500 m, the geology returns to a biotite-rich schist increasingly interlayered with a pegmatitic granite (Fig. 2) .
Seismic anisotropy can have a variety of causes, ranging from the presence of preferred orientations of minerals, to layering, pore texture, faults and non-randomly oriented fractures (Crampin 1981) ; the Outokumpu area schist is expected to be intrinsically anisotropic primarily as a result of lattice preferred orientation (LPO) and shape preferred orientation (SPO) of biotite (Kern et al. 2008) . Aligned microcracks, as well as larger aligned joint and fracture sets, further decrease the symmetry of the overall formation producing additional anisotropy.
Phyllosilicate minerals, such as biotite, appear to demonstrate some of the greatest LPO anisotropy, with strong shear wave splitting and substantial qP-wave anisotropy (Barruol & Mainprice 1993) . At the single crystal scale, qP-wave velocities in biotite range from 5450 to 6800 m s −1 (Aleksandrov & Ryzhova 1961) , and the anisotropy of such phyllosilicate minerals is so great that, when they are preferentially oriented, they are often the principle cause of LPO anisotropy within aggregates. Measurements of crustal foliated rocks, such as schists, gneisses and amphibolites, have shown qP-wave anisotropy ranges from 9 to 20 per cent due to LPO (Godfrey et al. 2000; Cholach & Schmitt 2006) . Despite the substantial anisotropy present in such rocks, few in situ anisotropy measurements have been made.
The upper 1300 m of the Outokumpu borehole is both mineralogically (Kukkonen & Outokumpu Deep Drilling Working Group 2007) and petrophysically quite uniform, although ultrasonically measured seismic velocities are pressure sensitive due to the microcrack porosity (Kern et al. 2008 (Kern et al. , 2009 Elbra et al. 2011) . When ultrasonic measurements are made on core samples from the section at pressures where microcracks can be expected to be closed, measurements in the three axial directions yield consistent anisotropic qP-and qS-wave velocities (Kern et al. 2009 ). Within the upper-schist series, core samples have been measured to be composed of 22.4-47.7 vol.% quartz, 19.9-43.8 vol.% plagioclase, 16.4-34.2 vol.% biotite and 1.6-16.7 vol.% muscovite (Kern & Mengel 2007; Kern et al. 2008 Kern et al. , 2009 ). The schist has been observed to exhibit an orthorhombic elastic symmetry (Kern et al. 2008;  Outokumpu borehole seismic anisotropy Gorbatsevich et al. 2011) and core recovered from the borehole has a nearly horizontal foliation plane (Kern & Mengel 2007) . Preliminary work shows a palaeostress direction of NW-SE (Gorbatsevich et al. 2007) , and a corresponding lineation is observed in the NE-SW direction at nearby outcrops (I. T. Kukkonen, personal communication, 2008) . Seismic reflection profiles of the area show the schist extending laterally for several kilometres, and to be relatively flat-lying in the vicinity of the borehole (SorjonenWard 2006; Heinonen et al. 2009 Heinonen et al. , 2011 Duo et al. 2010; Duo 2011) .
Aligned fractures are also expected to cause anisotropy in the Outokumpu area schist: deviatoric stress through much of the Earth means that microcracks and fractures within the subsurface tend to be aligned. Shear cracks result from compressive stress and are aligned subparallel (±15
• ) to the direction of maximum stress (Crampin & Lovell 1991) . Tube waves observed in a zero-offset VSP confirm that fractures are present in the subsurface (Duo et al. 2010) . In addition, microcracks may also be present. Measurements on Outokumpu core samples by Lassila et al. (2010) show a steeper increase in qP-wave velocity under uniaxial compression along the core than under triaxial compression, indicating microcracks may be aligned subparallel to the relatively horizontal foliation plane. Elbra et al. (2011) show that ultrasonic velocity measurements on the core samples are quite sensitive to microcrack porosity and crack closure, however, an increase in crack porosity towards the outer rims of the core samples indicates that drilling related stress release is an important source of microcracks in the cores. It remains unclear to what degree microcracks are present in situ.
M E T H O D

Walk-away VSP
The survey included a multi-azimuth, multidepth walk-away VSP and a reflection/refraction survey. A vertical seismic vibrator source employed 8 s linear taper sweeps with frequencies 15-250 Hz; data were acquired using the Geometrics Geode TM system with a 1 ms sampling rate. Two seismic lines approximately 2 km long were used, radiating from the borehole with average azimuths of 74
• and 140
• , hereafter, referred to as the NE and SE azimuths ( Fig. 1 ). This geometry was enforced by the availability of access in the suburban area. The shots were typically spaced 10-20 m apart, although in some places shots were not possible as a result of topography or infrastructure. A three component receiver, previously used in the KTB borehole , was located downhole at depths of 1000, 1750 and 2500 m for the walk-away VSPs. Single component 14 Hz geophones (OYO, Houston, TX, USA) nominally spaced 4 m apart were used for the accompanying reflection/refraction survey.
The raw walk-away VSPs (Fig. 3a) required source static corrections. These were calculated from a model of the near surface created from traveltime inversion of the refraction survey data ). qS-waves were assumed to convert from P-waves at the overburden-schist boundary. As this boundary lay above the datum elevation, unique static corrections were, therefore, made for qP-and qS-waves. Strong 50 Hz powerline harmonics were removed through a block subtraction technique (Butler & Russell 1993) . Using eigenanalysis in the time domain, the data was 4 H. Schijns et al. further processed by rotating the components of the receiver as closely as possible into the principle directions of body wave particle motions (e.g. Jackson et al. 1991) , and by the application of a polarization and directional filters (Montalbetti & Kanasewich 1970; Fig. 3b) . Where necessary, the frequency difference between the qP-and qS-waves was taken advantage of through the application of a bandpass filter. Despite the extensive processing, qS-wave arrivals remained unidentifiable in much of the data, particularly at steeper angles of incidence near the borehole. It was only possible to confidently identify the qS-wave arrivals along the NE azimuth of the 1000 m walk-away VSP (Fig. 4) .
All traveltime picks were made manually using Vista R software (GEDCO, Calgary, Canada) by picking the first amplitude extremum of the wave arrival. Velocities can be measured directly from the VSP records in the time-offset domain by picking arrival times from the seismic record and assuming path lengths. This measures the velocity of the direct wave front from the source to the receiver; such velocities are group (ray) velocities.
Although group velocities yield important anisotropy measurements, the corresponding phase velocities that describe the speed of a hypothetical plane wave are preferable for several reasons. First, theoretical models yield phase velocities directly from the Christoffel equations; if experimental phase velocities are determined this allows direct comparison between theoretical and experimental measurements. Furthermore, calculations done with the plane waves are mathematically much simpler. Velocity measurements over a range of depths within the subsurface, called interval velocities, allow seismic velocities to be better correlated with lithological changes. Plane waves allow interval velocity anisotropy to be easily calculated (Kebaili & Schmitt 1996) .
To measure the phase velocity of seismic data, a plane wave decomposition in the form of a τ -p transform (Fig. 3c) was applied to the processed walk-away VSP data (Stoffa et al. 1981; Kebaili & Schmitt 1997; Mah & Schmitt 2003; Sen & Mukherjee 2003; van der Baan 2004) . Robinson (1982) defines the transform as
where x is the horizontal offset between the source and the borehole, p is the horizontal phase slowness and τ is the delay intercept time, equivalent to the zero-offset arrival time. The function, f , is seismic signal in offset-time space and F is the signal after transformation to slowness-intercept time space. The horizontal phase slowness is defined as
where θ is the incident angle and v is the velocity. τ is defined as
where t is the traveltime. The discrete τ -p transform is, then, defined as
The discrete transform is applied to the walk-away VSP records. The calculation of phase velocities and angles requires a calculation of the vertical slowness as well. In an anisotropic medium, the vertical slowness is dependent on the horizontal slowness, p, and therefore, by default, on the phase velocity propagation angle, θ (Mah 1999 over each interval by assuming a homogeneous medium (Kebaili & Schmitt 1997) ;
Here, τ is the intercept time at a constant horizontal slowness and z is the receiver depth. Although z 1 can be allowed to represent the datum elevation (with a corresponding intercept time of zero) to allow a comparison between phase and group velocities, this formula also allows the phase velocity over a receiver interval to be directly calculated (e.g. Kebaili & Schmitt 1996) , revealing the contribution of each depth interval to the overall anisotropy observations. Note that application of eq. (5) does not require any prior knowledge of the velocity structure of the overlying layers as would be necessary for layer-stripping methods used in reflection surveys. Phase velocity and angle measurements (Figs 5 and 6) are then made by manually picking the intercept time from the transformed data for each slowness value;
The accuracy of the phase velocity measurements is limited by the temporal sampling rate of the data (1 ms), by the signal-to-noise ratio and frequency content of the input walk-away VSP and by the spatial offset of the walk-away VSP. For the qP-wave measurements these errors average ±33 m s −1 (or 0.6 per cent) for the 1000 m walk-away VSP and ±64 m s 1000-1750 m and 1750-2500 m. The picked first arrival of the qS wave could be half a wavelength behind the true first arrival due to its lower signal-to-noise ratio. This gives additional error to the 1000-m-walk-away VSP qS-wave measurements, with the error for the ∼60 Hz waves averaging +70 m s −1 (2.2 per cent) or -12 m s −1 (0.4 per cent). The interpretation relies on the assumption that the wave path is a straight line. The accuracy of this assumption is particularly important in the 1000 m walk-away VSP since we attempt to model these results. Sonic logging conducted by the Russian contractor NEDRA and a zero offset VSP collected by the University of Alberta in conjunction with the walk-away VSPs show a consistent velocity through this section, particularly below ∼150 m depth (Fig. 7) . Some ray bending is likely to occur from the datum at 50 m depth to 150 m depth. In an isotropic medium, the difference between the curved travel path and the assumed straight line travel path would cause a maximum difference in traveltime of <1 ms to be observed, whereas the angle of incidence below 150 m depth would differ from the assumed angle by a maximum of 1
• . Although the anisotropy of the schist complicates precise error analysis, the assumption of the straight wave path appears to have minimal effect on the measurements.
Theoretical modelling
The resulting anisotropy measurements of the 1000 m walkaway VSP include the sole qS-wave measurements and exclusively sample the thick biotite-rich schist. For these reasons, the measurements from the 1000 m walk-away VSP were used for modelling purposes. Schoenberg & Sayers' (1995) model allows both the intrinsic anisotropy of the schist caused by the LPO and SPO of biotite and the anisotropy caused by aligned fractures to be accounted for. The model requires the addition of the elastic compliance tensor of the uncracked material, S m , to the compliance tensor of the fractures, S f , to find the overall compliance tensor, S. Voigt notation is used to represent the fourth-order compliance tensor as a 6 × 6 matrix,
The resulting compliance tensor is then inverted to determine the elastic stiffness tensor, which is used in conjunction with the Christoffel equations (e.g. Auld 1973 ) to calculate seismic phase velocities.
To utilize the model, an appropriate elastic compliance tensor for the uncracked, intrinsic schist must be determined. Kern et al. (2008) made qP-and qS-wave velocity measurements on a core sample of the Outokumpu schist, and these measurements are used here to calculate an approximate elastic tensor for use in the model. Kern et al. (2008) made qP-wave measurements at 15
• intervals over the surface of a spherical sample and qS-wave measurements in the axial directions on a cubic sample. Both samples were taken from the borehole at a depth of 818 m, and the measurements used here were made at a pressure of 200 MPa. At this pressure the microcracks within the sample appear to be closed. The qP-wave results demonstrate an approximately orthorhombic symmetry. This approximation is used in the calculations and requires nine independent non-zero components to describe its elastic tensor. The authors do not give the density of the core sample measured; instead, the average bulk density of 2670 ± 46 kg m −3 (between depths 41 and 1300 m) obtained from logging performed by the drilling contractor NEDRA, is used here to calculate elements of the elastic tensor from the velocities. Perfect orthorhombic symmetry is assumed to allow the calculation of the diagonal elements of the stiffness matrix, C m , from the axial qP-and qS-wave velocities measured at 200 MPa by Kern et al. (2008) according to,
The remaining three independent off-axes components (C 12 , C 13 , C 23 ) are more difficult to determine, particularly as the sample is not perfectly orthorhombic. It is necessary to estimate the values of the off-axes components by forward modelling. The qP-wave velocities resulting from the application of the Christoffel equations to the theoretical elastic stiffness tensor are compared to the qP-wave velocities measured by Kern et al. (2008) in the first quadrant of the planes φ = 0
• , φ = 90
• and θ = 90
• of the spherical core sample Table 1 . Intrinsic elastic stiffness of Outokumpu mica-schist. Elastic stiffness tensor, C m , in Voigt notation representing the unfractured schist for purposes of modelling (GPa). (Table 1) are reasonable when compared with those obtained in similar rocks (Godfrey et al. 2000; Takanashi et al. 2001; Cholach et al. 2005; Nishizawa & Kanagawa 2010) .
Forward modelling of the 1000 m walk-away VSP results is undertaken by inverting the elastic stiffness tensor, C m , to find the theoretical compliance tensor of the uncracked schist, S m and adding the compliance tensor of the fractures, S f . Schoenberg & Sayers (1995) show the compliance tensor of a fracture set rotationally invariant about the x-axis requires only the fractures normal, Z n , and tangential, Z t , compliance
During the forward modelling, the values of these two compliances, Z n and Z t , are varied and each resulting tensor, S f , is rotated over a complete range of orientations before being added to the compliance tensor of the uncracked schist, S m . The orientation of this final compliance tensor, S, is then varied to allow for different orientations of the schist. Finally, S is inverted to give a theoretical elastic stiffness tensor, C. In this way, both the orientations of the schist and fractures are investigated through a complete range of orientations, whereas Z n and Z t are tested over a wide range of values from 1 × 10 −17 to 4 × 10 −3 Pa −1 and from 1 × 10 −15 to 8 × 10 −3 Pa −1 , respectively. For each variation in angle or fracture compliance the rms error in the model is calculated by comparing the theoretical qP-wave velocities to the qP-wave velocities measured using the walk-away VSP (Fig. 8) , with the best fit minimizing the rms error. qS-wave velocities are not considered when determining the best fit due to the limited qS-wave walk-away VSP and laboratory velocity −0.4 −0.1 0.1 −0.9 0.6 38.0 measurements available and the higher error associated with these. A best fit of the qP-wave velocities is achieved when the foliation plane of the schist dips 10 • in the N83
• E direction and the lineation points N7
• W-S7
• E ( Table 2 ). The best fit has subhorizontal fractures dipping 12
• in the S8
• E direction with normal fracture compliance of 1.05 × 10 −12 Pa −1 , and tangential fracture compliance of 4.10 × 10 −12 Pa −1 (Figs 8 and 9 ).
D I S C U S S I O N
The Outokumpu area schist formation is observed to be anisotropic. The model finds a best fit to the qP-wave velocities is achieved with fracture compliances of Z t = 4.10 × 10 −12 Pa −1 and Z n = 1.05 × 10 −12 Pa −1 . These values appear reasonable when compared to compliances measured in other studies (Pyrak-Nolte et al. 1990; Hsu & Schoenberg 1993; Lubbe & Worthington 2006) . Following the method of Rasolofosan et al. (2000) , the equations of Schoenberg & Douma (1988) are used to estimate the crack density, crack fill and crack aspect ratio from the crack compliances. Fracture compliances are normalized using the isotropic equivalent of the intrinsic schist stiffness tensor to give normalized compliances, E t = Z t C ISO 44 and E n = Z n C ISO 11 . The ratio of these normalized compliances, 0.69, can be related to the fracture fill and aperture of the cracks. Schoenberg & Douma (1988) show that for matrix material with Poisson ratio of 0.25 dry cracks and cracks filled with weak material have a normalized compliance ratio >1, whereas fluid-filled cracks have a ratio of 0, 0.08, 0.64 and 2 for cracks with aspect ratios of 0, 0.001, 0.01 and 0.1, respectively. It is, therefore, reasonable to assume that the cracks are fluid-filled with an aspect ratio ∼0.01. Schoenberg & Douma (1988) related the normalized tangential compliance to the crack density, ε, using ε = (E t /16) [3(3-2γ 2 )], where γ is the ratio V p /V s . This gives a crack density of 0.06. Although the model fits the observations, the solution is not unique and a model with more fracture sets could potentially fit the walk-away VSP velocities equally well. Further, though the crack compliances presented give the best fit to the VSP data, some variation in the magnitude of the compliances is possible while still fitting the VSP data within error (Fig. 8 ).
C O N C L U S I O N S
Significant anisotropy of up to 13.6 per cent over the range of angles measured is observed in the Outokumpu area subsurface using walk-away VSP, whereas modelling of the in situ bulk elastic stiffness of the biotite-rich schist predicts an overall anisotropy of 16.8 per cent. Greater anisotropy is measured between 50 and 1750 m depth than in the interval 1750-2500 m, which can be attributed in the lithological change from an anisotropic biotite-rich schist to a more isotropic pegmatitic granite (Kern et al. 2009 ). In general, a greater amount of anisotropy is observed in the southeastern direction. The velocities observed to the SE are not symmetrical about the vertical axis, showing minimum velocities at ∼15
• from vertical to the southeast (for the 1000-m-walk-away VSP). Laboratory measurements of the intrinsic anisotropy of the schist and subhorizontal foliation planes observed in the core samples (Kern et al. 2008) cannot by themselves explain the walk-away VSP observations, which implies that aligned microcracks or fractures may also contribute to the in situ bulk anisotropy of the schist. Regional variations in the dip direction of the schist could also potentially affect the anisotropy of the area.
Forward modelling of the bulk properties of the Outokumpu biotite-rich schist as an intrinsically orthorhombic medium with a single fracture set produces phase velocities that are consistent with the walk-away VSP qP-wave velocities. Theoretical qS-wave velocities show good correlation with walk-away VSP measured velocities, but are poorly fit. Since the theoretical velocities predict an earlier arriving qS wave, it is quite possible the first arrival of the qS wave is lost in the coda of the seismic signal and the measured arrival is in fact a half wavelength or more after the true first arrival. Alternatively, the assumption that the main qSwave observed originates as the conversion of the qP-wave at the boundary between the glacial till and schist may be incorrect; an earlier conversion, perhaps at the surface, would result in qS velocity measurements appearing slower than their true values.
The theoretical lineation of the schist is modelled to be approximately N-S, whereas observations of outcrops several kilometres from the borehole and the general structural grain of the Outokumpu belt show the schist to have a NE-SW lineation. Although the directions differ by ∼45
• , it is possible that the direction of lineation varies with depth or with distance from the observed outcrops. The modelled foliation plane of the schist, however, does agree well with geological evidence. The foliation plane is found to be dipping 10
• , which agrees with the evidence of a near-horizontal plane predicted by seismic records (Sorjonen-Ward 2006; Heinonen et al. 2009 ) and core samples (Kern et al. 2009; Elbra et al. 2011) . The alignment of the modelled cracks is subparallel to the foliation plane of the schist. Aligned cracks can be expected to lie along the cleavage plane of the foliated biotite (e.g. Rasolofosaon et al. 2000) , and this is confirmed experimentally on core samples from the Outokumpu borehole by Lassila et al. (2010) . Although other fracture sets could be present in the subsurface, and might be modelled to produce an equivalent, or better, fit, this study focused on presenting the simplest model which could explain the observed anisotropy. Future work will examine the possibility of more complex crack distributions.
Overall, the model fits the velocity and geological observations well, using reasonable values for fracture compliance.
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